The efficacy of bifunctional peptide inhibitor (BPI) in preventing blood-brain barrier (BBB) breakdown during onset of experimental autoimmune encephalomyelitis (EAE) and suppression of the disease was evaluated in mice. The mechanism that defines how BPI prevents the disease was investigated by measuring the in vitro cytokine production of splenocytes. Peptides were injected 5 to 11 days prior to induction of EAE, and the severity of the disease was monitored by a standard clinical scoring protocol and change in body weight. The BBB breakdown in diseased and treated mice was compared to that in normal control mice by determining deposition of gadolinium diethylenetriaminepentaacetate (Gd-DTPA) in the brain using magnetic resonance imaging (MRI). Mice treated with PLP-BPI showed no or low indication of EAE as well as normal increase in body weight. In contrast, mice treated with the control peptide or PBS showed a decrease in body weight and a high disease score. The diseased mice had high deposition of Gd-DTPA in the brain, indicating breakdown in the BBB. However, the deposition of Gd-DTPA in PLP-BPI-treated mice was similar to that in normal control mice. Thus, PLP-BPI can suppress EAE when administered as a peptide vaccine and maintain the integrity of the BBB.
INTRODUCTION
Multiple sclerosis (MS) is a neurological disease in which the body's immune system recognizes protein fragments of the myelin sheath as antigenic and initiates an inflammatory response in the central nervous system (CNS). This immune response leads to breakdown of the BBB integrity and demyelination of neurons (Lassmann, 2001) . Major proteins that make up the myelin sheath are myelin basic protein (MBP), myelin oligodendrocyte glycoprotein (MOG) and proteolipid protein (PLP), which can be recognized as antigens by CD4 + T cells, and most likely promote neurodegenerative diseases such as MS. Activation of T cells takes place after the delivery of two signals by antigen-presenting cells (APC) (Grakoui et al., 1999; Tseng and Dustin, 2002) . The first signal (Signal I) is the interaction between the T-cell receptor (TCR) and the antigen-loaded major histocompatibility complex class-II (MHC-II). The second signal (Signal II) is provided by costimulatory molecules (CD28/B-7) (Jenkins and Johnson, 1993; June et al., 1994) , and is strengthened by the interaction between adhesion molecules such as intercellular adhesion molecule-1 (ICAM-1) and leukocyte function-associated antigen-1 (LFA-1) (Valitutti et al., 1995) . Novel bifunctional peptide inhibitor (BPI) molecules are composed of an antigenic peptide fragment covalently conjugated to an adhesion molecule fragment (Manikwar et al., 2011) . BPI molecules were designed based on a proposed mechanism that they can bind simultaneously to the MHC-II and adhesion molecules on the surface of APC such as dendritic cells (DC) . This simultaneous binding is proposed to prevent proper delivery of signals through the immunological synapse and, therefore, hinder the induction of a specific immune response. Consequently, only a subpopulation of T cells that recognize the antigenic peptide fragment in the BPI would be affected and, thus, tolerance toward that particular antigen would be restored.
In order to study the etiology of MS as well as to develop new therapies for the disease, the EAE animal model can be used. EAE animals undergo a pathogenesis very similar to MS, including inflammation of the CNS and breakdown of the BBB. EAE is an inflammatory disease characterized by the differentiation and proliferation of type-17 helper T cells (T H 17) (Zepp et al., 2011) and type-1 helper T cells (T H 1) (Hedegaard et al., 2008) . To suppress or prevent disease, several therapies have been designed to down-regulate these pro-inflammatory T cells and promote the activation of the regulatory and suppressor immune response by promoting the differentiation and proliferation of regulatory T cells (T reg ) (Wraith, 2009 ) and type-2 helper T cells (T H 2) (Liblau et al., 1995) . Many potential therapies for MS (i.e., peptides and small molecules) are being evaluated in EAE animal models after induction of disease with antigen(s). Our previous studies have shown that BPI molecules suppressed EAE in mice upon BPI treatment during disease induction or after the initial progress of the disease Manikwar et al., 2011 ). In the current study, we evaluated the in vivo efficacy after vaccination of the mice with peptides, i.e., before induction of disease. We hypothesized that the vaccination with Ac-PLP-BPI-NH 2 (PLP-BPI) would stimulate a regulatory or tolerogenic response in mice; therefore, when EAE was induced with antigen in the presence of adjuvant, the disease would not develop due to priming of the regulatory response of the immune system by PLP-BPI.
The severe CNS inflammation in MS and EAE leads to BBB breakdown and CNS lymphocyte infiltration (Floris et al., 2004) . It is not yet clear whether the breakdown of the BBB is a secondary effect of the disease or an initiator of the disease. A therapy such as Tysabri ® has been shown to prevent lymphocyte infiltration into the brain (Bielekova and Becker, 2010) . Studies suggest a link between the initiation of inflammation and activation of leukocytes leading to the breakdown of the BBB (Minagar and Alexander, 2003; Sun et al., 2000) . Therefore, we propose that blocking the induction of the pro-inflammatory T cells can prevent the disruption of the BBB after induction of EAE.
PLP-BPI is a well-characterized BPI molecule in suppressing the EAE mouse model when administered after disease stimulation. PLP-BPI is composed of the antigenic peptide PLP 139-151 (PLP) (Tuohy et al., 1989) covalently conjugated to the ICAM-1 ligand, LABL peptide (derived from LFA-1) (Tibbetts et al., 1999 (Tibbetts et al., , 2000 Yusuf-Makagiansar et al., 2001 via a stable linker composed of glycine and aminocaproic acid (Figure 1) . In this study, we tested the novel use of PLP-BPI as a peptide vaccine, the in vivo efficacy of PLP-BPI was evaluated and the effect of PLP-BPI treatment on preventing breakdown of the BBB was determined by the levels of BBB permeation of Gd-DTPA using MRI in normal (no EAE) mice, PBS-treated EAE mice and PLP-BPI-treated mice. The brain deposition of Gd-DTPA was determined using contrast enhanced T1-weighted MRI. Scans were performed on various brain regions and enhancement of signal before and after Gd-DTPA injection was imaged and quantified. Finally, the immune-modulation mechanisms were elucidated by determining the cytokine production of splenocytes that were isolated from PBS-and PLP-BPI-treated mice.
MATERIALS AND METHODS

Mice
All protocols for experiments involving SJL/J (H-2 s ) (Charles River, Wilmington, MA) were approved by the University's Institutional Animal Care and Use Committee. The mice were housed under specific pathogen-free conditions at a facility at the University of Kansas, which is approved by the Association for Assessment and Accreditation of Laboratory Animal Care.
Peptide synthesis
PLP 139-151 (HSLGKWLGHPDKF) and PLP-BPI (Ac-HSLGKWLGHPDKF-(AcpGAcpGAcp) 2 -ITDGEATDSG-NH 2 , Ac being an acetyl group and Acp being ε-aminocaproic acid) were synthesized with 9-fluorenylmethyloxy-carbonyl-protected amino acid chemistry on an appropriate PEG-PS™ resin (Applied Biosystems, Foster City, CA) using the automated peptide synthesis system (Pioneer™:PerSeptive Biosystems, Framingham, MA). Cleavage of the peptides from the resin and removal of the protecting groups from the side-chain were carried out using 90% TFA with 10% scavenger reagents (1,2-ethane dithiol (3%), anisole (2%), and thioanisole (5%)). The crude peptides were purified by reversed-phase HPLC using a semi-preparative C18 column with a gradient of solvent A (95%/5% = H 2 O (0.1% TFA)/acetonitrile) and solvent B (100% acetonitrile). The purity of the peptides was analyzed by HPLC using an analytical C18 column. The identity of the synthesized peptide was confirmed by electrospray ionization mass spectrometry.
Induction and treatment of EAE
SJL/J female mice (5-7 weeks-old) were immunized subcutaneously (s.c.) with 200 µg PLP in a 0.2 ml emulsion comprised of equal volumes of PBS and complete Freund's adjuvant (CFA) containing killed mycobacterium tuberculosis strain H37RA (at a final concentration of 4 mg/ml, Difco, Detroit, MI). The PLP/CFA emulsion was administered to regions above the shoulder and the flanks (total 4 sites; 50 µl at each injection site). In addition, 200 ng of pertussis toxin (List Biological Laboratories, Campbell, CA) was injected intraperitoneally (i.p.) on the day of immunization (day 0) and 48 h post-immunization. The clinical scores that reflect the disease progression were determined by the same observer in a blinded fashion using a scale ranging from 0 to 5 as follows: 0 -no clinical symptoms, 1 -limp tail or waddling gait with tail tonicity; 2 -waddling gait with limp tail (ataxia); 2.5 -ataxia with partial paralysis of one limb; 3 -full paralysis of one limb; 3.5 -full paralysis of one limb with partial paralysis of the second limb; 4 -full paralysis of two limbs; 4.5 -full paralysis of two limbs with partial paralysis of forelimbs; 5 -moribund or dead. Body weight was also measured daily.
For the vaccination study, the mice received three s.c. injections of either 100 µL vehicle (PBS) or 100 µL of treatment peptides (100 nmol/injection/day) 11, 8, and 5 days prior to induction of disease on day 0. PLP-BPI's potency was compared to a negative control (PBS) and a positive control (PLP).
In vitro cytokine production assay
In vitro cytokine assays were performed following a protocol similar to that reported previously (Youssef et al., 2002) . SJL/J mice were treated with PBS (100 µl) and PLP-BPI (100 nmol/100 µl/injection) on days −11, −8, and −5 followed by injection of PLP/CFA and pertussis toxin as described in section 2.3 to induce EAE. Spleens were isolated from three PLP-BPI-and PBS-treated mice on the day of maximum disease (i.e., day 15). Single cell suspensions of splenocytes were harvested by gently mashing the spleen through a cell strainer using the rubber end of a 1-ml syringe in a petri dish containing serum-free RPMI-1640 supplemented with 10% fetal bovine serum, 100 U penicillin/100 µg streptomycin, 2 mM L-glutamine and 50 µM 2-mercaptoethanol. Red blood cells were then lysed using ACK lysis buffer (Invitrogen). The remaining splenocytes were then washed three times with serum-free RPMI-160 media (Cellgro). The cells were then primed with PLP (20 µM) in a 24-well plate (5 × 10 6 cells/well). Supernatants of cell cultures were collected for cytokine detection 72 hours later and stored in a −80 °C freezer until analysis. Secreted IL-2, IL-4, IL-5, IL-6, IL-17, and IFN-γ were measured by quantitative ELISAbased Q-Plex™ assay (Quansys Biosciences, Logan, UT).
MRI scans
To evaluate the effect of PLP-BPI treatment on the breakdown of the BBB, three different groups of animals were used. The first group consisted of five normal SJL/J mice with no EAE induction. The second and third groups of mice were treated with PBS and PLP-BPI, respectively, on days −11, −8, and −5, followed by induction of EAE with PLP/CFA on day 0 as described in section 2.3.
In vivo MRI scans were performed using contrast enhanced T1-weighted imaging to determine the extent of BBB breakdown at the highest peak of the disease at 15 days after induction of EAE. The contrast agent, Gd-DTPA (Magnevist, Bayer HealthCare, Leverkusen, Germany), was delivered via an i.p. catheter, which enabled us to acquire images before and after Gd-DTPA infusion under an identical experimental setup. For MRI experiments, the animals were anesthetized using 3 % isoflurane initially followed by 1-2 % isoflurane in a gas mixture of air and oxygen (ratio = 1:1). Before MRI scans were performed, an i.p. catheter (Insyte Autogard, 22 GA, 0.9 × 25 mm, Becton Dickinson, Sparks, MD) was inserted in to the animal's peritoneal cavity and secured with tapes.
All MR imaging was performed with a 9.4 T horizontal bore spectrometer equipped with a Varian INOVA console (Varian Inc., Palo Alto, CA) and gradient coils (40 G/cm, 250 µs) of 12 cm in diameter (Magnex Scientific, Abingdon, UK). The animal was positioned supine in an acrylic sled with its head held steady by using a nose cone for anesthesia delivery. The animal's body temperature was monitored by a rectal temperature sensor (Cole-Palmer, Vernon Hills, IL) and maintained at 37 ± 0.5°C using a blanket with warm water circulation. The animal's respiratory rate was monitored using a respiration pillow (SA instruments, Stony Brook, NY). A quadrature RF surface coil was placed on top of the animal's head to acquire T1-weighted spin-echo MR images before and after a bolus infusion of Gd-DTPA (0.6 mmol/kg body weight). The imaging parameters were TE/TR = 12.5/600 ms, matrix size = 256 × 256, field of view = 20 × 20 mm, slice thickness = 0.5 mm, and number of averages = 2. The corresponding nominal image resolution was 78 × 78 × 500 µm 3 . The timing of the post-contrast administration MRI scan was set to 20 min to allow uptake of Gd-DTPA into the blood from the i.p. injection and deposition in the brain.
MR data analysis was performed by calculating the percent signal enhancement due to Gd-DTPA deposition in the brain using the following equation: ([v 1 −v 0 ]/v 0 ), where v 1 is the MR signal after Gd-DTPA injection, and v 0 is the MR signal before Gd-DTPA injection. The percent signal enhancement was measured in six regions of interest (ROI) of the brain, including spinal cord, brain stem, cerebellum, hippocampus, cortex, and striatum.
Statistical analysis
Statistical analysis was done using one-way analysis of variance followed by Fisher's least significance difference to compare the different parameters, including EAE clinical scores, change in body weights, in vitro cytokine production, and percent MR signal enhancement. All statistical analyses were performed using StatView software (SAS Institute, Inc., Cary, NC). A p-value of less than 0.05 was used as the criterion for statistical significance.
RESULTS
Suppression of EAE by PLP-BPI
It has been shown previously that PLP-BPI molecules have better efficacy in suppressing EAE than PLP peptide when injected intravenous (i.v.) on days 4, 7, 10 and 14 (Kobayashi et al., , 2008 ) or injected s.c. on days 4, 7, and 10 (Zhao et al., 2010) after disease stimulation using a PLP/CFA emulsion on day 0. Here, the efficacy of PLP-BPI as a peptide vaccine was evaluated following s.c. injections of PLP-BPI on days −11, −8, and −5 prior to stimulation on day 0 with PLP/CFA emulsion.
Disease severity was measured using a standard disease scoring protocol (Figure 2A ), which ranges from 0 to 5. The first sign of EAE was evident in the PBS-and PLP-treated mice on days 11-12. The peak of the disease was between days 14 and 17 with a maximum average disease score of 2.30 ± 0.43 for PBS-treated and 1.50 ± 0.31 for PLP-treated mice (n = 12). After the peak of the disease, the mice slowly went into remission. Most of the PLP-BPItreated mice were disease-free with only one mouse having slight weakness in its tail, this resulted in a maximum average disease score of 0.08 ± 0.08 (n = 12). Therefore, PLP-BPI was able to significantly suppress EAE compared to PBS (p < 0.0001) and PLP (p < 0.0001). The efficacy of PLP-BPI was also evaluated using percent change in body weight of the mice. The PBS-treated mice showed a significant loss of body weight (approximately 15%) when compared to the PLP-BPI-treated mice (p < 0.0001). The PLP-treated group showed about 10% loss of body weight which was also significantly lower than the PLP-BPI-treated mice (p < 0.001). The PLP-BPI-treated group showed no loss in body weight ( Figure 2B) . A summary of the results is shown in Table 1 .
In vitro cytokine production
To examine the cytokines induced by PLP-BPI and better understand the immune response, splenocytes from PLP-BPI-treated and PBS-treated mice were isolated on day 15. The type of immune cell differentiation upon treatment can be determined by evaluating the type of cytokines secreted from the splenocyte culture. Although this method will not provide an exact concentration of cytokines in systemic circulation, it will provide relative levels of cytokines produced by cells in the mice following different treatments. If there is a general inflammatory response, one would expect to see a greater production of pro-inflammatory cytokines (IL-6, IL-17 and IFN-γ). If there were an activation of the regulatory and suppressor immune response, there would be a greater concentration of regulatory (IL-2) (Malek, 2003) and suppressor cytokines (IL-4 and IL-5).
EAE is believed to be predominantly a T H 17-and T H 1-mediated disease; therefore, the in vitro production of cytokine markers for both types of inflammatory T cells was evaluated (Figure 3) . In these studies, resident APC served to activate the T cells that had been isolated from mice at the height of the disease in a recall assay, using PLP as the target antigen. Following a 72-hour incubation with PLP, splenocytes isolated from PBS-treated mice produced approximately three times higher IL-17 than PLP-BPI-treated mice, indicating a greater presence of T H 17 cells in PBS-treated than in PLP-BPI-treated mice (p < 0.0001). There was a significant increase in the production of IFN-γ as well (p < 0.05), but only a slight increase in the production of IL-6 that was not significantly different (p > 0.05) in the culture supernatants isolated from the PBS-treated mice than that of PLP-BPI-treated mice. From these results, we concluded that PLP-BPI down-regulated the T H 1 phenotype.
The next step was to evaluate the role of PLP-BPI in skewing the response toward regulatory (T reg ) and suppressor (T H 2) T cell phenotypes (Figure 4 ). In the recall assay, splenocytes from PLP-BPI-treated mice produced significantly higher IL-2 (p < 0.0001) than those from PBS treated mice, indicating that PLP-BPI may promote T reg differentiation (D'Cruz and Klein, 2005; Fontenot et al., 2005) . More remarkably, splenocytes from PLP-BPI-treated mice produced significantly higher levels of IL-4 (p < 0.0001) and IL-5 (p < 0.001) when compared to PBS-treated mice. Our observation suggests that PLP-BPI promoted a shift toward T H 2 differentiation and proliferation.
MRI data
Cytokine data demonstrated that injection of PLP-BPI subcutaneously on days 11, 8, and 5 prior to induction of disease promoted the regulatory response and lowered the inflammatory response. It is believed that CNS inflammation leads to breakdown of the BBB. We proposed that PLP-BPI increased the regulatory immune response and suppressed the activation of inflammatory immune response, which would prevent the breakdown of the BBB. We used MRI following injection of Gd-DTPA to monitor the breakdown of the BBB. The PBS-treated mice developed EAE and showed high enhancement of Gd-DTPA signal in most brain regions compared to normal mice (negative control); this result indicated that the BBB of PBS-treated mice was compromised. In contrast, there was no obvious enhancement in Gd-DTPA signal in the brain of PLP-BPI-treated mice compared to normal mice without disease induction ( Figure 5 ). These result indicated that there was no BBB breakdown in PLP-BPI-treated mice. The quantitative enhancement of Gd-DTPA signals in different regions of the brain from all three groups of mice is shown in Figure 6 . There was a consistent trend of signal enhancement in all regions of the brains of PBS-treated mice. However, different regions of the brain of PLP-BPI-treated mice had signals similar to those of normal mice. Taken together, from these results we concluded that PLP-BPI can prevent the breakdown of the BBB by suppressing the inflammatory immune response, which is likely due to the generation of regulatory and suppressor cells following vaccination.
DISCUSSION
Antigenic peptides have recently found an application for the treatment of allergic and autoimmune diseases in a procedure known as soluble antigen-specific immunotherapy (SIT). Wraith and colleagues proposed a potential mechanism of action for the way that soluble antigenic peptides modulate the immune response (Larche and Wraith, 2005) . Empty MHC-II molecules on the surface of APC such as DC are capable of being loaded by exogenous peptides (Santambrogio et al., 1999) . Therefore, it is proposed by Wraith and colleagues that soluble antigenic peptides can bind directly to the empty MHC-II molecules on the surface of immature DC (iDC) with out being internalized and processed and lead to the induction of a regulatory response by promoting a T reg phenotype. In this case, the induction of the regulatory T-cell response leads to restored tolerance for specific antigens in the treatment of autoimmune diseases such as multiple sclerosis (Bai et al., 1997; Metzler and Wraith, 1996) , rheumatoid arthritis (RA) (Meyer, 2000) , and type-1 diabetes (T1D) (Murray et al., 2007) .
Bifunctional peptide inhibitors (BPI) have been shown to suppress EAE (Manikwar et al., 2011) , T1D (Murray et al., 2007) , and RA (unpublished data) and are consistently more efficient at suppressing disease than the corresponding parent antigenic peptides. We hypothesize that the antigenic peptide and the adhesion peptide of the BPI molecule bind to MHC-II and ICAM-1 molecules, respectively, on the surface of APC. This simultaneous binding will interfere with the maintenance of the functional immunological synapse at the APC-T cell interface, a step necessary for full activation of an immunogenic response (Lee et al., 2002; van der Merwe, 2002) . Alternatively, the two molecules on the surface of the APC are clustered and internalized. Without the appropriate delivery of signals, the cells fail to induce an inflammatory response and instead promote the differentiation of naïve T cells toward regulatory and/or suppressor T-cell phenotypes. A third possible mechanism is that the antigenic peptide fragment of the BPI molecule could bind directly to the empty MHC-II molecules on the surface of iDC and act similarly to the antigenic peptide on its own. If this is the case, binding of a naïve T cell to an APC would induce the differentiation to regulatory T cells as with the administration of soluble antigenic peptide alone. However, the mechanism of action of BPI molecules remains to be fully elucidated.
Previously, PLP-BPI has been administered in solution i.v. and s.c. as well as in a controlled-release fashion using nanoparticles (Zhao et al., 2010) . It was shown that s.c. administration was more effective than i.v. administration of PLP-BPI. In addition, increasing the length of the linker as well as capping the N-and C-termini proved to enhance the in vivo efficacy of the peptide (Kobayashi et al., 2008) . In these studies, PLP-BPI prevented the onset of disease significantly when the peptide was administered after the induction of disease. In addition, mice treated with PLP-BPI after the onset of disease went into remission faster than those treated with PBS.
In our proposed mechanism of action of PLP-BPI, in which the peptide induces the regulatory response, injection of PLP-BPI prior to induction of disease should protect the mouse from developing severe EAE. Therefore, our study was designed to investigate the effects of PLP-BPI and PLP on the disease progression when these peptides were administered prior to disease induction. It is interesting that three subcutaneous injections of PLP-BPI at 11, 8, and 5 days prior to induction of disease effectively suppressed the development of EAE compared to PLP peptide and PBS. The superior efficacy of PLP-BPI relative to PLP is consistent with what we found previously when injecting the peptides after induction of disease (Kobayashi et al., , 2008 Zhao et al., 2010) . Unlike in previous studies (Kobayashi et al., 2008) in which 43.8 -45.5 % of the mice developed anaphylaxis, only 8.33 % (1 out of 12) developed anaphylaxis when PLP-BPI is injected as a peptide vaccine, thus adding another advantage to vaccination. Administration of PLP-BPI several days prior to induction of disease proves to us that mechanistically it works by modulating the immune system and not simply acting as a protein/peptide blocker since we know that in vivo half-life of PLP-BPI is approximately 2 hours (Ridwan et al., 2010) . Although five days elapsed between the last injection of peptide and disease induction, the effect of PLP-BPI persists after the peptide is eliminated from the systemic circulation. It is still not completely clear why PLP-BPI has better efficacy than PLP, but it is possibly due to the presence of LABL peptide on PLP-BPI, which could improve peptide binding to DC in addition to hindering the development of the immunological synapse. Further investigations need to be carried out for elucidating the difference in the mechanisms of action between PLP-BPI and PLP.
EAE is a demyelinating disease that mimics the inflammatory disease MS, which is driven by the induction of pro-inflammatory T cells such as T H 17 and T H 1. Restoring tolerance to specific myelin sheath antigens has become the most important strategy for the treatment of EAE and MS. Establishing the immuno-tolerant state has become possible due to the production of cytokines that probably promote the development of regulatory (T reg ) and suppressor T cells (T H 2) cells. Our cytokine studies indicated that splenocytes from PLP-BPI-treated mice produced a lower level of IL-17, which would lead to a decreased population of T H 17 cells when compared to PBS-treated mice. There is some controversy on the importance of IL-17 in the pathogenesis of EAE (Haak et al., 2009a ) since it's been reported that the absence of IL-17 has not affected the progression of the disease (Haak et al. 2009b) . However, T H 17 cells have been shown to have a vital role in the development of EAE (Cao et al., 2011; Zepp et al., 2011) and the IL-17 function is not yet completely clear but it is a key marker for T H 17 cells. In the current study, we also reported that PLP-BPItreated mice had reduced levels of the T H 1 cytokines as well, as indicated by the decrease in secretion of IL-6 and IFN-γ. The next step was to evaluate whether PLP-BPI induced expression of cytokines that promote T reg and T H 2 cells, both of which have been associated with the amelioration of EAE. IL-2 levels were significantly greater in PLP-BPI-treated mice than in PBS-treated mice; this strongly suggests that there was skewing of the immune response toward the production of T reg cells. In addition, PLP-BPI led to a prominent shift toward a T H 2 profile as reflected by the increased production of IL-4 and IL-5.
Inflammation and leukocyte recruitment to the CNS during MS and EAE are known to cause BBB breakdown (Abbott et al., 2006; Huber et al., 2001) . The cellular infiltration is initiated by the interaction of LFA-1 on leukocytes and ICAM-1 on the surface of vascular endothelial cells of the brain (i.e., BBB) (Prendergast and Anderton, 2009) . It has been shown that T H 1 (O'Connor et al., 2008) and T H 17 (Reboldi et al., 2009 ) cells may enter the CNS during EAE. The production of inflammatory cytokines is believed to lead to BBB impairment (Abbott et al., 2006) . Administration of PLP-BPI led to a reduction in the levels of inflammatory cytokines and, therefore, it is proposed that administration of PLP-BPI prevents the destruction of the BBB in EAE-induced mice due to its ability to modulate the immune response. This idea is supported by our observations from the MRI studies in determining the extent of the breakdown of the BBB of PLP-BPI-and PBS-treated mice compared to normal mice. The breakdown of the BBB can be assessed by determining the amount of Gd-DTPA that was deposited in the brain upon its permeation through the BBB. This is very important because the breakdown of the BBB is believed to precede cellular infiltration, which leads to destruction of the myelin sheath. It is remarkable that PLP-BPItreated mice had similar amounts of Gd-DTPA brain distributed to all brain regions compared to normal healthy mice. In contrast, there was greater Gd-DTPA deposition in different brain regions of PBS-treated mice compared to PLP-BPI-treated and healthy mice. We observed a significant enhancement of signal in the cerebellum of EAE mice treated with PBS compared to that in PLP-BPI-treated mice (p < 0.05). We also observed a difference (p = 0.06) in the enhancement of signal in the spinal cord between diseased mice and PLP-BPI-treated mice. It has been demonstrated that the cerebellum and the spinal cord are equally susceptible regions for BBB breakdown in this EAE model (Tonra et al., 2001) . It is evident that the integrity of the BBB of PLP-BPI-mice is maintained to the same degree as in healthy mice, and PBS-treated mice have a breach of the BBB. Thus, PLP-BPI functions prior to the breakdown of the BBB, possibly by suppressing the activation of immune cells prior to their infiltration into the brain. Additionally, PLP-BPI could prevent the infiltration of immune cells by blocking ICAM-1/LFA-1-mediated immune cell adhesion to the vascular endothelial cells of the BBB.
In conclusion, PLP-BPI, when administered as a peptide vaccine, suppresses EAE. Administration of PLP-BPI prior to induction of disease led to expression of regulatory and suppressor immune cytokines that mediate suppression of the inflammatory immune responses as shown by the in vitro cytokine production study. The inhibition of the inflammatory response by PLP-BPI prevented the breakdown of the BBB in EAE-induced mice. Further studies are necessary to elucidate the mechanisms of action of PLP-BPI in comparison to those of PLP peptide alone. In the future, we plan to study the effect of a long-term effect of PLP-BPI as a vaccine.
The following are the highlights of the manuscript:
1. Vaccination with PLP-BPI inhibited the onset and progression of EAE.
2. PLP-BPI promotes a shift towards T reg and T H 2 rather than a T H 17 or T H 1.
3.
Vaccination with PLP-BPI prevented the breakdown of the BBB.
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BPI bifunctional peptide inhibitor
Gd-DTPA gadolinium diethylenetriaminepentaacetate Sequence and target receptors of PLP-BPI. PLP-BPI is a linear 33-amino acid peptide, which is composed of the antigenic peptide, PLP 139-151 and the ICAM-1 binding peptide, LABL, which is derived from the α-subunit of LFA-1 (CD11a 237-246 ). Both peptides are covalently conjugated to each other via a linker composed of ε-aminocaproic acid and glycine. The N-and C-termini of the peptide are capped by acetylation and amidation, respectively. The hypothesis is that the PLP 139-151 portion will bind to MHC-II (I-A s ) and LABL will simultaneously bind to ICAM-1 on the surface of the APC. In vivo efficacies of PLP-BPI and PLP in suppressing EAE in the mouse model upon vaccination with peptides and immunization with PLP/CFA on day 0. PBS-treated mice received subcutaneous injections of 100 µl PBS on days −11, −8, and −5. PLP-BPI-and PLP-treated mice received 100 nmol/100 µl PBS on days −11, −8, and −5. The efficacy of the peptide was determined by (A) clinical disease score of EAE and (B) percent change in body weight. Results are expressed as the mean ± SEM (n = 12). EAE scores from all PLP-BPI treated mice were significantly lower than those of PBS-and PLP-treated mice (p < 0.0001). Loss of body weight was also significantly lower in PLP-BPI-treated mice compared to those treated with PBS (p < 0.0001) and PLP (p < 0.001). For statistical analysis, data points from days 10 to 25 were used. Concentrations of the pro-inflammatory cytokines from the cell culture supernatant (IL-6, IFN-γ and IL-17). Splenocytes were isolated from the spleens of EAE-induced mice that were treated with either PBS or PLP-BPI on days −11, −8, and −5. The pooled splenocytes (n = 3 mice) were stimulated in vitro with PLP 139-151 and supernatant was isolated 72 hours later for cytokine detection. Statistical significance values for the concentration of cytokines in PLP-BPI treated mice compared to that in the PBS group are as follows: A, p > 0.05, B, p < 0.0001, C, p < 0.05. Concentrations of the regulatory (IL-2) and suppressor (IL-4 and IL-5) cytokines from the cell culture supernatant. Splenocytes were isolated from the spleens of EA-induced mice that were treated with either PBS or PLP-BPI on days −11, −8, and −5. The pooled splenocytes (n = 3 mice) were stimulated in vitro with PLP 139-151 and supernatant was isolated 72 hours later for cytokine detection. Statistical significance values for the concentration of cytokines in PLP-BPI treated mice compared to that in the PBS group are as follows: A, p < 0.0001, B, p < 0.0001, C, p < 0.001. Representative scans of the cerebellum and brainstem of three different groups of mice (n = 5/group). The first group consisted of normal SJL mice with no EAE induced. The second and third groups were mice treated with either PBS or PLP-BPI on days −11, −8, and −5 and immunized to develop EAE on day 0. Each mouse was scanned before (v 0 ) and after (v 1 ) an i.p. bolus injection of Gd-DTPA contrast agent. There is obvious enhancement in signal within the ROI of mice treated with PBS, but no obvious enhancement in signal in normal mice and PLP-BP-treated mice. Quantitative signal enhancement using Gd-DTPA. Each mouse (n = 5 per group) was scanned before (v 0 ) and after (v 1 ) an i.p. bolus injection of the Gd-DTPA contrast agent. The percentage was calculated from the ratio of signal enhancement using the equation [v 1 −v 0 ]/ v 0 . The signal enhancement within the ROI can be correlated to the breakdown of the BBB. All the regions of the brain had greater enhancement of the signal within the ROI in the PBS-treated mice than in the normal mice (no EAE induced) and PLP-BPI treated mice. The cerebellum was the only region in which there was a statistically significant difference between groups. Normal control and PLP-BPI-treated mice had a significantly lower signal enhancement within the ROI of the cerebellum (p < 0.05).
